Pulcherriminic acid, a cyclodipeptide, possesses the excellent antibacterial 21 activities by chelating iron ions from environment, however, the low yield has 22 hindered its application. In this study, high-level production of pulcherriminic acid 23 was achieved by the multistep metabolic engineering of Bacillus licheniformis 24 DWc9n*. Firstly, leucine (Leu) supply was increased by overexpressing the genes 25 ilvBHC-leuABCD and ilvD involved in the Leu synthetic pathway and deleting the 26 gene bkdAB encoding a branched-chain α-keto acid dehydrogenase. The intracellular 27 Leu content and pulcherriminic acid yield of strain W2 reached 147.4 mg/g DCW and 28 189.9 mg/L respectively, which corresponded to a 226.7% and 49.1% higher than 29 those of DWc9n*. Secondly, the strain W3 was obtained by overexpressing 30 leucyl-tRNA synthase LeuS in W2, which lead to a 190% improvement compared to 31 DWc9n*, pulcherriminic acid yield increase to 367.7 mg/L. Thirdly, overexpression 32 of the cytochrome synthase gene cluster yvmC-cypX further increased the yield of 33 pulcherriminic acid to 507.4 mg/L. Finally, the secretion capability was improved by 34 overexpressing the pulcherriminic acid transporter gene yvmA. This resulted in the 35 556.1 mg/L pulcherriminic acid was produced in W4/pHY-yvmA, increased by 340% 36 as compared with DWc9n*, and it is the highest pulcherriminic acid production 37 currently reported. Taken together, this study provided an efficient strategy for 38 enhancing pulcherriminic acid production and might also be applied for high-level 39 production of other cyclodipeptides.
Introduction
sequencing confirmed that the YvmA expression vector was constructed successfully. 144 Then pHY-yvmA was electro-transferred into B. licheniformis to construct YvmA 145 overexpression strain. In addition, pHY300 was transformed into B. licheniformis to 146 serve as the control strain.
147
Determinations of pulcherriminic acid concentration and cell density. The 148 concentration of pulcherriminic acid was measured according to our previously 149 reported research (14) . The purification and standard curve method of pulcherriminic 150 acid was performed according to standard protocols (14) . Briefly, the volume of 1 mL 151 culture broth was evenly mixed with 1 mL 2 M NaOH solution to dissolve 152 pulcherriminic acid, centrifuged at 10,000 g for 2 min, and the absorbance of To detect the intracellular pulcherriminic acid, the volume of 1 mL cells was 158 harvested by centrifugation at 10,000 g for 5 min. Then, the cell pellet was washed 159 with distilled water to remove the extracellular pulcherrimin. Afterwards, the cells 160 were disrupted by sonication on ice for 20 min. Cell debris was mixed with 1 mL 2 M 161 NaOH solution to dissolve pulcherriminic acid centrifuged at 10,000 g for 2 min, and 162 the absorbance of supernatant was determined at 410 nm.
163
Quantitative real-time PCR. B. licheniformis cells were collected at 12 h for RNA 164 extraction according to our previous report using an RNA extraction kit (23). The
165
RNA concentration was measured on a NanoDrop 2000 spectrophotometer (Thermo 166 Scientific, USA). The first-strand cDNA was synthesized from 50 ng total RNA using 167 Revert Aid First Strand cDNA Synthesis kits (Thermo, USA). The resulting cDNA 168 was used as the template for qRT-PCR with primers listed in Table S1 using the 169 iTaqTM Universal SYBR ® Green Supermix (BIO-RAD, USA). The 16S rRNA served 170 as reference gene and all assays were performed in triplicate.
171
Determination of the concentrations of intracellular amino acids. The 172 intracellular precursor amino acids were measured using gas chromatography (GC), 173 according to our previously reported method (16). Concentrations were calculated via 174 standard curves made with the corresponding amino acids.
175

Results
176
Improving precursor Leu supply improved pulcherriminic acid production. 177 Leucyl-tRNA is generated by Leu that derived from pyruvate serves as the sole 178 substrate for pulcherriminic acid synthesis. The adding of Leu to the medium could 179 significantly increase pulcherriminic acid production of DWc9n* strain ( Fig. 2A) . It 180 indicated that the inadequate Leu synthesis of DW2c9n* may be one of the important 181 factors limiting pulcherriminic acid production.
182
In order to enhance Leu biosynthesis, the promoters of the ilvD gene and the 183 ilvBHC-leuABCD operon were replaced by the strong promoter P bacA successively to were increased by 240% and 190% as compared with DWc9n*. In addition, the 189 intracellular Leu concentration was increased to 123.1 mg/g DCW by 170% as 190 compared to DWc9n* (50.0 mg/g DCW) at 24 h ( Fig. 2B&C) . Consistent with the 191 increasing Leu concentration, the yield of pulcherriminic acid of W1 reached 149.9 192 mg/L, increased by 18.1% as compared to DWc9n*( Fig. 2D) . 193 The bkdAB gene cluster encodes E1 and E2 components of the branched-chain strengthen the conversion of Leu to leucyl-tRNA and further benefit pulcherriminic 212 acid production. The native promoter of leuS was replaced by P bacA in the W2 strain to 213 construct the W3 strain. The results showed that the transcriptional level of leuS in 214 W3 was 240% higher than that in W2 (Fig. 3A) , and the intracellular Leu 215 concentration decreased by 30.2% (Fig. 3B) . the pulcherriminic acid yield of W3 qRT-PCR showed that the transcriptional level of yvmC in the W4 strain was 550% 228 higher than in DWc9n* ( Fig. 4A) . At the same time, the concentration of intracellular 229 Leu in W4 (55.3 mg/g DCW) was decreased by 46.3% as compared with that of W3 230 (102.9 mg/g DCW) ( Fig. 4B) . As expected, pulcherriminic acid yield of W4 reached 231 507.4 mg/L, increased by 300% as compared to DWc9n* (Fig. 4C) . These results 232 indicated that the yvmC-cypX gene cluster was the rate-limiting step for 233 pulcherriminic acid synthesis in W3.
234
Overexpression of the transporter gene yvmA promoted pulcherriminic acid 235 secretion. The major facilitator superfamily (MFS) like transporter YvmA， which was 236 proved to be responsible for the secretion of pulcherriminic acid (18), was 237 overexpressed through constructing the W4/pHY-yvmA strain. The DWc9n*/pHY300 238 strain was set as a control. In W4/pHY-yvmA, the transcriptional level of yvmA was 239 345% higher than in DWc9n*/pHY300 (Fig. 5A) , and the concentration of 240 intracellular Leu was 48.7 mg/g DCW at 24 h (Fig. 5B) . In addition, our results 241 showed that the intracellular pulcherriminic acid content in W4/pHY-yvmA was 8.4 242 mg/g DCW, which was significantly lower than in W4/pHY300 (31.5 mg/g DCW)
243
( Fig. 5D) . At 48 h, the pulcherriminic acid yield of W4/pHY-yvmA reached 556.1 244 mg/L, increased by 335% and 340% compared to the control strain 245 DW2c9n*/pHY300 and DWc9n*, respectively (Fig. 5C) . These results showed that 246 the efficiency secretion of pulcherriminic acid would benefit its biosynthesis.
247
Furthermore, the process curves of B. licheniformis DWc9n*/pHY300 and 248 W4/pHY-yvmA were measured, and the substrate consumption and byproduct 249 synthesis rates were measured. The cells get the highest density at 44 h, and followed 250 by a minimal decreasing from 44 h to 48 h (Fig. 6A) . The growth trend of (Fig. 6B) . In addition, the total concentration of the main byproducts acetoin 262 and 2,3-BD of W4/pHY-yvmA was 8.5 g/L, which decreased by 19.1% as compared 263 with that of DWc9n*/pHY300 (10.4 g/L) (Fig. 6C) . These results indicating that increased pulcherriminic acid yield was generated.
274
Precursor supply plays the critical role in metabolite biosynthesis (30). Here, Leu, derived from pyruvate, acted as the initial precursor for pulcherriminic acid synthesis. 
